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Warm-up puzzle - meet the cast!

Muon-neutrino, v,

What are these particles’...? Electron-neutrino, v,
Charges Spins
Muon, u
Proton, p
Which particles are...? Neutron, n

Pion, 7 (3 of them)

Fermions

Photon, v

Weak force carrier, W (2 of them)

Weak force carrier, Z

Force
carrying A-1232 resonance (4 of them)
vectors

Can you match the particles to the categories?

Neutrino

interaction  [R JA\VIE
School 2021 o

3 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions



Neutrinos (Three different ones)

Electron flavor Muon flavor

me= 511 keV mu= 106 MeV me= 1.8 GeV

No electric charge

Leptons (fermions, spin 1/2). Always left-handed (antineutrinos always right-handed)
Massless (in the Standard Model)

Interact via weak interaction only...

Tau flavor T-

@

Neutrino
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Neutrinos (Three different ones)

Electron flavor Muon flavor

&oe
m.= 511 keV m,= 106 MeV m= 1.8 GeV

No electric charge

Leptons (fermions, spin 1/2). Always left-handed (antineutrinos always right-handed)
Massless (in the Standard Model)
Interact via weak interaction only... which conserves lepton flavor

‘ \, ¥ 0
K (-decay makes © ©

Tau flavor T-

@

Neutrinos from DUNE’s

an electron and an 0
O electron antineutripo ' ’
n—pre Tl (mostly) v, beam interact to make muons

Neutrino
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Neutrinos (Three different ones)

Electron flavor Muon flavor Tau flavor

@

& &
m.= 511 keV m,= 106 MeV m= 1.8 GeV

* No electric charge
 Leptons (fermions, spin 1/2). Always left-handed (antineutrinos always right-handed)

* Interact via weak interaction only... which conserves lepton flavor

e Oscillate between flavors over time...
e ... and therefore have mass (massless particles don’t see time)

v, here v. here Could be either here

Neutrino
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Neutrinos (Three different ones)

Electron flavor Muon flavor

me= 511 keV mu= 106 MeV me= 1.8 GeV

* No electric charge
 Leptons (fermions, spin 1/2). Always left-handed (antineutrinos always right-handed)

Tau flavor T-

@

* Interact via weak interaction only... which conserves lepton flavor

e Oscillate between flavors over time...
e ... and therefore have mass (massless particles don’t see time)

e The three mass states are a mix

Vi Vr

(quantum superposition) of flavor

o . - -
Mass state v; Mass state v, Mass state v;

Neutrino
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Big questions of neutrino physics

Ve [vu [V Which neutrino is lightest?
4.2
m
v: I | D
L BV

Normal hierarchy lAverse hierarchy

lighter heavier
“electron” “electron”
neutrino neutrino
E Neutrino
. . o) . et -
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Big questions of neutrino physics

Ve [vu [V Which neutrino is lightest?

A

m2

Charge-parity (CP) violation:
. :’)2 Do v and » behave the same?
L BV

V3

Normal hierarchy lAverse hierarchy

Neutrino
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Big questions of neutrino physics

V3

A

Which neutrino is lightest?
m2
Charge-parity (CP) violation:
I :’j Do v and v behave the same?
I

What’s the absolute mass
scale?

How do neutrinos get
their mass?

Normal hierarchy

Inverse hierarchy

5
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Big questions of neutrino physics

Ve [vu [V Which neutrino is lightest?

A

m2

Charge-parity (CP) violation:
. :’)2 Do v and » behave the same?
L BV

V3

What’s the absolute mass
scale?

How do neutrinos get
their mass?

Normal hierarchy lAverse hierarchy

OO
v/
@

Neutrino oscillations
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Big questions of neutrino physics

Ve [vu [V Which neutrino is lightest?

A

m2

Charge-parity (CP) violation:
. :’)2 Do v and » behave the same?
L BV

V3

What’s the absolute mass
scale?

How do neutrinos get
their mass?

Normal hierarchy lAverse hierarchy

OO
v/
©

Neutrino oscillations

7

|

—
h —

Neutrinoless double-beta

decay, direct mass searches
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Big questions of neutrino physics

Ve [vu [V Which neutrino is lightest?

A

m2
Charge-parity (CP) violation:

VR | L N V2 Do v and # behave the same?

What’s the absolute mass
scale?

How do neutrinos get
their mass?

Normal hierarchy lAverse hierarchy

OO
v/
©

Neutrino oscillations

v
A

Neutrinoless double-beta
decay, direct mass searches

Cosmology .
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What's DUNE looking for?

arXiv:2002.03005 [hep-ex]

0.20
Charge-parity violation 018
The CP-violating parameter ocp 0.16

alters this probability distribution: 0.14
"% 0.12
T10.10
Z
n 0.08
0.06
0.04

0.02

0.00
10 1 10

Neutrino Energy (GeV)

Neutrino
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https://arxiv.org/abs/2002.03005

What’s DUNE looking for?

arXiv:2002.03005 [hep-ex]

0.20
Charge-parity violation 018
The CP-violating parameter ocp 0.16
alters this probability distribution: 0.14
"3 0.12
Fraction of v, that have l ;o.m
oscillated into v. 5 0.08
0.06
as a function of 0.04
0.02
0.00

107 1 10

Neutrino energy

> Neutrino Energy (GeV)

Neutrino
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Here’s how 1t will do it:

»

DEEP UNDERGROUND
NEUTRINO EXPERI

MIEENT

\Q§§§SS§“ "lIIIIIIII'|""||IIIIIIIIIIIIIIII' ;mRTH3U5bETECT

\ OR (upgrade)
EXISTING PROTON

| UNDERGROUND ",,
LA PARTICLE _
DETECTOR (upgrade) —~ — EXISTING
LABS

Graphic: Fermilab
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Here’s how 1t will do it:

V/; beam @@@ r
() @ o

e Bt
\\
PARTICLE DETELTUP (upgrade)

EXISH NG PROTON

UNDERGROUND |
ACCELERATOR i
DETECTOR (upgrade) — — EXISTING
LABS

DEEPUNDERGROUM

Graphic: Fermilab

How many neutrinos do we see here?
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Here’s how 1t will do it:

Broad-spectrum r” _
Vubeam _ @) @ E’U(‘

=

- w Vﬂ, Ve. o0
: Y
™ ) DEEP UNDERGROUND ¢ @ -, atfar detector
@ @ @ NEUTRINO EXPERIMENT

hrd

EXBTHHSPROTO
ACCELERATOR

UNDERGROUND
PARTICLE

DETECTOR (uparade) =~ —— EXISTING
LABS
Graphic: Fermilab

How many neutrinos do we see here?

How many do we see here?

How does it compare to what we
7 7 June 2021
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Sounds easy! We can just...

1) Plot the energies of 2) Plot the energies of 3) Take the ratio of the 4) Collect Nobel Prize
all the muon- all the electron- two plots
neutrinos at Fermilab neutrinos at SURF
(near detector) (far detector)

Photo: Reider Hahn Photo: Sanford Underground Research Facility Neutrino Energy (GeV)

Do you have a problem with that?

You should have a few problems with that! Discuss them with your team

Neutrino
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Actually there are a few problems...

1) Plot the energies of 2) Plot the energies of 3) Take the ratio of the 4) Collect Nobel Prize
all the.muon- all the electron- two plots
neutrinos at Fermilab neutrinos at SURF

How do we detect a neutrino and know its flavor?
Neutrinos are invisible!

Run  xx Event xx April 1st, 2021

(Artist’s impression of a detector with
only neutrinos passing through it...)
Neutrino

Interaction
School (\
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Actually there are a few problems...

1) Plot the -of 2) Plot the- of 3) Take the ratio of the 4) Collect Nobel Prize
all the muon- all the electron- two plots
neutrinos at Fermilab neutrinos at SURF

How do we detect a neutrino and know its flavor?
Neutrinos are invisible!

v, /em?/POT per 1 Gel
v, /em? /POT per 1 GeV

How do we know a neutrino’s energy?
We have a broad-spectrum beam, that
spreads as it travels.

ve/em? /POT per 1 GeV
ve/em?/POT per 1 GeV

0 5! 10 15 20
E, (GeV)
Adapted from arXiv:2002.03005 [hep-ex]

Near-detector fluxes from different
production mechanisms

Neutrino
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Actually there are a few problems...

) Plot the energies of 2) Plot the energies of 3) Take the ratio of the 4) Collect Nobel Prize
-the muon- .the electron- two plots
neutrinos at Fermilab neutrinos at SURF

We can only detect neutrinos if they

How do we detect a neutrino and know its flavor? interact!

Neutrinos are invisible!

T and
How do we know a neutrino’s energy?

We have a broad-spectrum beam, that

spreads as it travels. We can only understand neutrinos if

we understand their interactions

How do we know we have detected all the neutrinos?
Beams spread, detector designs differ, efficiencies are

energy-dependent...

Neutrino
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How many oscillated neutrinos do we see?

Ru—)e(Erec) — Nf dEV(I),u(El/)PVM—)I/e (Eu)ae(Eua Erec)ee(Eu)

T
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How many oscillated neutrinos do we see?

R,u—)e(Erec) — Nf dEVq),u(EI/)PV“—)I/e (EI/)O-G(EI/7 Erec)ee(El/)

0.20

1300 km
0.18 Normal MH
0.16 . Sep = 112

— e

cp = +1U/2

Neutrino Energy (GeV)

Neutrino
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How many oscillated neutrinos do we see?

What we
measure

R,u—)e(Erec) — Nf dEVq),u(EI/)PV“—)I/e (EI/)O-G(EI/7 Erec)ee(El/)

Oscillated neutrinos w20 1300 km
_ 0.18 Normal MH
detected, as a function 016 w,-
of measured energy 0.14 —
3 0.12 (0 8cp = 42
0 0.10 — 0, = 0 (solar term)

107 1 10
Neutrino Energy (GeV)

Neutrino
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How many oscillated neutrinos do we see?

What we What we want
measure to know
R,u—)e (Erec) = N f dEV(I)u (EI/)PV“—H/G (Eu)a-e (Eua Erec)ee (El/)
Oscillated neutrinos Pro?gbility of a :f: 1300 km
detected, as a function ene e :mam

oscillating, as a

measured ener | |
2 function of its =012 T
true energy ! 10 T e hesriem
>

Not necessarily the same! We /

have to reconstruct the invisible o0 ; .
neutrinO’S energy Neutrino Energy (GeV)

of

Neutrino
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How many oscillated neutrinos do we see?

What we
measure
R,u—)e (Erec) = N f dEI/ (I),u (EI/)PV“—H/Q (EI/)O-G (EI/ ; Erec)ee (EI/)
Oscillated neutrinos Flux (energy
detected, as a function spectrum) of >
of measured energy unoscillated neutrinos f
g
—
O
&
<
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How many oscillated neutrinos do we see?

What we
measure
R,u—)e (Erec) = N f dEI/(I),u (EI/)PV“—H/G (EV)Ue (Eua Erec)ee (EV)
Oscillated neutrinos Flux (energy Detector
detected, as a function spectrum) of efficiency - the
of measured energy unoscillated neutrinos chance of
successfully
detecting a
neutrino if it
interacts

Neutrino L4
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How many oscillated neutrinos do we see?

What we What we want
measure to Know

R,u—)e(Erec) — Nf dEI/q),UJ(EI/)PV“—)I/e (E,/)O'Q(E,/, Erec)ee(Eu)

Probability of a

Oscillated neutrinos Flux (energy | Interaction cross Detector

- neutrino - ..
detected, as a function spectrum) of Hatin section - the efficiency - the
of measured energy unoscillated neutrinos . .9 25 %  probability a chance of

function of its

neutrino interacts, successfully
true energy

and the amount  detecting a
of its energy we  neutrino if it
can detect interacts

*

Very complicated - and the subject of this talk!

Neutrino
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How do we detect particles?

Photomultiplier and silicon @ o
tubes photomultipliers £

measure photons’ energy

Charged particles

produce light in scintillators
(e.g. SAND)

use ionization to generate tracks in
time-projection chambers |
(e.9. ND-GAr, ND-LAr) el | | ’

Photo: SuperNEMO

Neutrino R
é; ' [ -
Interaction ' U -

School 2021
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What can we learn from tracks?

Curvature
(if there are magnets)

Magnetic fields

bend tracks

/

Neutrino
12 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions A Interaction W
School 2021 -



What can we learn from tracks?

BNB Simulation
Elec

Run 3475 Event

Neutrino
Interaction (\
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What can we learn from tracks?

BNB Simulation v
Electron 0@-‘1\{

0 Sum energy deposits

II%’&IIIIIIIIIII
Run 3475 Event

Neutrino
Interaction (\
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What can we learn from tracks?

Curvature Track shape (length, Direction
(if there are magnets) sharpness, dE/dx)

Charge sign ‘
Particle ID ﬁ

Neutrino
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Puzzle - Spot the particles

uBooNE
SR

NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

Exercise 3

Electron

Run 3471 Event 54287, October 21°,

Charged pion

Ve

Run 3493 Event 27425, Cctoker 23rd, 2

Neutrino
Interaction
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Puzzle - Spot the particles

uBooNE
SR

NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

Exercise 3

Electron

Run 3471 Event 54287, October 21°,

Charged pion

Ve

Run 3493 Event 27425, Cctoker 23rxrd, 2015

Neutrino
Interaction
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Puzzle - Spot the particles
Ve nnnap

uBooNE
SR

NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

Exercise 3

Proton

Electron The neutrinos are invisible Vyuun '>
we can only “see” them through

their interaction products iy e
Charged pion __

Lepton flavour is conserved

EE

Run 3493 Event 27425, Cctoker 23rxrd, 2015

Neutrino
Interaction
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We can detect a neutrino... If it interacts!

I

| | | | Neutrino ,,
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We can detect a neutrino... if it interacts!

What do we want to know about it? P?frlg(\:/fr)m

Neutrinos interact via the weak interaction.
For each flavor, there are two possible vertices:
charged current and neutral current

- Can you draw the vertices?
* Which will help you discover the neutrino’s flavor?

Neutrino
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We can detect a neutrino... If it interacts!

What do we want to know about it? P?frlg(\:/fr)m

Charged-current
Interaction

Neutrino
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We can detect a neutrino...

What do we want to know about it?

Charged-current
Interaction

flavor conserved

)

NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

Neutrino
éé Interaction (\
School
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We can detect a neutrino...

What do we want to know about it?

Charged-current
Interaction

flavor conserved

)

MI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

Neutrino
Z Interaction (\
School 20z
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We can detect a neutrino... If it interacts!

What do we want to know about it? P?frlgf/fr)m

Neutral-current
Interaction

Neutrino
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We can detect a neutrino... If it interacts!

. Particle ID
What do we want to know about it? ?frle'f/sr)

Neutral-current
Interaction

flavor still conserved

Vi 1 VI

but this is
/0 invisible,

so it doesn’t help

\ anything we see comes
). from the nucleus

Neutrino .
é Interaction MF
School 2021 o
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We can detect a neutrino...

What do we want to know about it?

Neutral-current
Interaction

flavor still conserved

Simulation NC A Radiative

but this Is
iInvisible,
so it doesn't help

¢y
anything we see comes
from the nucleus

_ _ _ Neutrino
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We can detect a neutrino...

What do we want to know about it?

Neutral-current
Interaction

flavor still conserved

Simulation NC A Radiative

but this is (: -
invisible, ote gap
(characteristic of photon)

so it doesn't help

¢y
anything we see comes
from the nucleus

_ _ _ Neutrino
eryl Patrick | Introduction to Neutrino Interactions é Interaction (\
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This was how the Z bospn was discovered!

Vi —I—NV“—I—hadrons V+e‘ — Vyt+e

acl (g261) g9t 1391 "sAyd “|e 1@ paseH 4
Z1L (£261) g9t 1121 "sAud “|e 12 MaseH 4

From slides by M.A. Thomson

Gargamelle bubble chamber, CERN, 1973

Neutrino
Interaction (\
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We can detect a neutrino...

What do we want to know about it?

How can we reconstruct the neutrino energy?

Run 3493 Event 27435, October 23rd, 2015

Neutrino
Interaction (\
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We can detect a neutrino...

What do we want to know about it?

P ssi )
HBOON‘%’ g th'S g How can we reconstruct the neutrino energy?

* Sum up energy deposits associated with the interaction:
that gives you the final-state kinetic energy

This stuff

A
Run 3493 Event 27435, Octobg

Neutrino
Interaction (\
School
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We can detect a neutrino...

What do we want to know about it?

NE

(( How can we reconstruct the neutrino energy?
This proton was

already in the
nucleus... probably

* Sum up energy deposits associated with the interaction:
K™~ 1 muon that gives you the final-state kinetic energy

created » Add the masses of any particles created

Run 3493 Event 27435, October 23rd, 2015

Neutrino
Interaction (\
School
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We can detect a neutrino...

What do we want to know about it?

MBOONu{ How can we reconstruct the neutrino energy?

Did we make l - Sum up energy deposits associated with the interaction:
anything else that that gives you the final-state kinetic energy

didn’t escape? - Add the masses of any particles created
» Could something have been absorbed by the nucleus?

* Not all particles are detectable (e.g. neutral particles)

Run 3493 Event 27435, October 23rd, 2015

Neutrino
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We can detect a neutrino...

What do we want to know about it?

How can we reconstruct the neutrino energy?

Conserve momentum

Look parallel (p;) and transverse (pr) to the
beam for an extra degree of freedom...

Run 3493 Event 27435, October 23rd, 2015

Neutrino
Interaction (\
School
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Neutrino-electron elastic scattering

What'’s the equivalent for scattering?

Can you find another scattering with he same
V‘Lt V‘Lt final state as the first one you found?

€ €

» Electrons are fundamental particles

» Weak scattering is well understood

- Calculate neutrino energy from electron kinematics:
gOOd way to StUdy neutrino flux e.g. Phys. Rev. D 93, 112007 (2016)

Neutrino

18 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions Interaction
School 2021




Exercise 4

Neutrino-electron elastic scattering

What'’s the equivalent for scattering?
Can you find another scattering with he same
Vﬂ V‘Lt final state as the first one you found?
Z Ve Ve Ve
€ €

* Electrons are fundamental particles e e e 1/8
* Weak scattering is well understood | | All lepton interactions have the same strengths in
- Calculate neutrino energy from electron kinematics:  the weak interaction (lepton universality), but

gOOd way to StUdy NeUutrino flUX  egq pays. rev. b 93, 112007 (2016) because of interference with the CC diagram, the

V. - e- Cross section is different from the v, - e-

Neutrino
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Nucleons

Things get more complicated (and it’s only getting worse from here...)

Proton Neutron Nucleons are composite
particles and contain:

Neutrino
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Nucleons

Things get more complicated (and it’s only getting worse from here...)

Proton Neutron Nucleons are composite

particles and contain:

 Three valence quarks

Neutrino
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Nucleons

Things get more complicated (and it’s only getting worse from here...)

Neutron Nucleons are composite
particles and contain:

 Three valence quarks

e (GGluons

 Transient “sea” quarks
and antiquarks

Neutrino
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Nucleons

Things get more complicated (and it’s only getting worse from here...)

Proton Neutron Nucleons are composite
particles and contain:

e (GGluons

The quarks can interact weakly
(i.e. with neutrinos)

Neutrino
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Nucleons

Things get more complicated (and it’s only getting worse from here...)

Proton Neutron Nucleons are composite
particles and contain:

The quarks can interact weakly
(i.e. with neutrinos)

Distribution / motion of quarks gives
nucleons an electric and magnetic moment

Neutrino
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Three (charged-current) ways neutrinos interact with nucleons

Quasi-elastic scattering Deep inelastic scattering
V,u Iu_ B _ _ G. Zeller

v >

. > 81.4

W+ t1.2
¥

= o
n,p ~—

& P - uj0.8

. . 50.6

Resonant pion production S

o

$0.4
&

00.2
¥

0

red blue green
E, (GeV)
Neutrino
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Three (charged-current) ways neutrinos interact with nucleons

Quasi-elastic scattering Deep inelastic scattering
G. Zeller

>

> 31.4
1.2
Q

- ‘?O 1

- =
uj0.8
50.6
°
$0.4
o
00.2
Q
0

red blue green
E, (GeV)
Neutrino
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Three (charged-current) ways neutrinos interact with nucleons

Quasi-elastic scattering Deep inelastic scattering
G. Zeller

>

> 81.4
1.2
Q

- t‘:,O 1

- =
uj0.8
50.6
©
$0.4
&
00.2
Q
0

red blue green
E, (GeV)
Neutrino
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Three (charged-current) ways neutrinos interact with nucleons

Quasi-elastic scattering Deep inelastic scattering

G. Zeller

-—  weh

= = = 1 =
© N B O ® o N b

v cross section / E, (1 0> cm2/ GeV)

red blue green

Neutrino | |
Interaction J (\ ,
School 2021 |
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Three (charged-current) ways neutrinos interact with nucleons

Quasi-elastic scattering Deep inelastic scattering

G. Zeller

-  weh

= = = 1 =
© N B O ® o N b

v cross section / E, (1 0% cm?/ GeV)

red blue green

Remember... we don’t know the neutrino energy
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Three (charged-current) ways neutrinos interact with nucleons

Quasi-elastic scattering Deep inelastic scattering

G. Zeller

-— e

= = = 1 ==
=N R ST - N - - NPT CR

v cross section / E, (1 0> cm?2/ GeV)

red blue green

Remember... we don’t know the neutrino energy

Neutrino
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Interlude - cross sections

G. Zeller

The cross section represents the
probability that an interaction will
OCCuUr...

-— ==

...but it has units of area - why?

= = = 1 ==
=N R ST - N - - NPT CR

v cross section / E, (1 0> cm?2/ GeV)

Neutrino — 1A -
Interaction WM(\ -
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Interlude - cross sections

The cross section represents the
probability that an interaction will
OCCuUr...

...but it has units of area - why?
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Interlude - cross sections

The cross section represents the
probability that an interaction will
OCCuUr...

...but it has units of area - why?

To the , this whole area is
impassable
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Interlude - cross sections

9,.9.9.9.90.0.9,
9.9.9.9.9.9.9.9,
To the dog, this whole area is ” " .“‘0“ ’

e ’ ‘ ‘ ‘ ‘ ’ ‘ ‘
Iﬁ:;txg‘y IS only stopped If ‘ ’ ‘ ‘ ‘ ‘ ’ ’ ‘

AA /' -
| Neutrino .
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probability that an interaction will
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...but it has units of area - why?

It’s as if they see different areas
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Interlude - cross sections

The cross section represents the

probability that an interaction will
occur...

...but it has units of area - why?

Now think of a positively-charged ball

Neutrino
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Interlude - cross sections

The cross section represents the

probability that an interaction will
occur...

...but it has units of area - why?

Now think of a positively-charged ball

A negative ball launched some
way from it is deflected

Neutrino
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Interlude - cross sections

The cross section represents the
probability that an interaction will
OCCuUr...

...but it has units of area - why?

Now think of a positively-charged ball

A negative ball launched some
way from it is deflected

A neutral ball is unaffected...

Neutrino
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Interlude - cross sections

The cross section represents the
probability that an interaction will

OCCUTr...

Neutrinos have very
small cross sections
because they only

Interact via the weak

orce

...but it has units of area - why?

Now think of a positively-charged ball

A negative ball launched some
way from it is deflected

A neutral ball is unaffected...
... unless It scores a direct hit

It’s as if they see different areas ;

Interaction

Neutrino
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Charged-current quasi-elastic scattering - the “golden channel”

Vy [ Simple final state - just a muon and a nucleon

Conserve energy and momentum:
W+t calculate O? and E, just from muon kinematics

Antineutrino
mode

u

Run 3493 Event 27435, October 23rd, 2015

T 1 T 1 T T 1 I 1 T T 1 1 [ U T 1 T T T T T 1 T 1 T ]
52 54 56 58 60 62 64 66 68 70 V2 74 76 78 B0 €2 B84 86 88 90 92 94 96 98 100 102 104 106 108 10 112 114

Neutrino
Interaction (\
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Interlude: introducing Q-

(El/aﬁl/) (E,U?ﬁ#)

Four-momentum
transfer =) 4

Neutrino
24 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions Z Interaction W
School 2021 -



InterIUde: intrOdUCing QZ Conserve four-momentum here:

¢* = (plt — pkt)?

— (Eu _ E,/)Q — |ﬁu _ﬁv‘2

(El/7ﬁl/)

Four-momentum
transfer =) 4

Neutrino
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InterIUde: intrOdUCing QZ Conserve four-momentum here:

.= (pht — pl)?
negative - B -

guantity smaller bigger

(Ev,pv)

Four-momentum
transfer = 4

Neutrino
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Conserve four-momentum here:

Interlude: introducing Q-

¢ = (pt —pt)?

= (B — E,/)Q — |Pu _ﬁv|2
Q" = —¢°
= | Py _ﬁv‘Q — (B — Ev)2
Q° =2E,(E, —p,cos,) —m

Nucleon form factors depend
on Q? (more on this later)

(El/aﬁl/) (E/Mﬁ,u)

Four-momentum
transfer =) 4

2
7

Neutrino
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InterIUde: intrOdUCing QZ Conserve four-momentum here:

¢ = (ph —pt)?

(El/7ﬁl/) (E/Mﬁ,u) — (E,U o EV)2 o |ﬁ,u _ﬁV‘Q
Q" = —¢°
P — Du|® = (B — E)°

Four-momentum

transfer =y 4

(M, 0) (Ep, D) Nucleon form factors depend
on Q? (more on this later)

For quasi-elastic scattering
from a stationary neutron:

Conserve energy and —
momentum to calculate

Ey (Eu, 01) pt = (E,, E,,0,0)

Neutrino
24 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions o é Interaction W
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Charged-current quasi-elastic scattering - the “golden channel”

Vy [ Simple final state - just a muon and a nucleon

Conserve energy and momentum:
W+ calculate O? and E, just from muon kinematics
2 2 2
EQE _ mp—mn—mu—l—anEu
v 2(mny,—FE,+p, cosb,)

u

30 ¢cm Run 3493 Event 27435, October 23rd, 2015

Neutrino
Interaction (\
School
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Charged-current quasi-elastic scattering - the “golden channel”

Vy [ Simple final state - just a muon and a nucleon

Conserve energy and momentum:
W+t calculate O? and E, just from muon kinematics

mi—(mn—Eb)Q—mi—l—Z(mn—Eb)EH

QE __
b =
(in a nucleus; binding energy E;, = 28 MeV for argon)
Why is this useful?

2(mny,—Ey—FE,, +p,, cos0,)

u

30 ¢cm Run 3493 Event 27435, October 23rd, 2015

Neutrino
éé Interaction (\
School
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Charged-current quasi-elastic scattering - the “golden channel”

Vy [ Simple final state - just a muon and a nucleon

Conserve energy and momentum:
W+t calculate O? and E, just from muon kinematics

mi—(mn—Eb)Q—mi—l—Z(mn—Eb)EH

QE __
b =
(in a nucleus; binding energy E;, = 28 MeV for argon)

Why is this useful?

* Muon has constant dE/dx (minimume-ionizing particle)
 Long, clear track: easy to measure E, and 0,

e P case - neutron hard to detect (neutral)

2(mny,—Ey—FE,, +p,, cos0,)

43  Not affected by final-state interactions
e Nucleons can re-interact in the nucleus.
m— Run 3493 Event 27435, October 23rd, 2015 We WI/I COme baCk tO thIS!

Neutrino
Interaction (\
School
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Charged-current quasi-elastic cross section

For free nucleons, the CCQE cross section is well understood (this is the simple one?!)

o Ui —sl— MQGF cos? @ o s—ay s—u
5 o (el b) = MEGEEEE LAQY) F BQY) ¢ + C(QY) - |

C.H. Llewellyn Smith, Phys. Rept. 3C, 261 (1972)

Neutrino
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Charged-current quasi-elastic cross section

For free nucleons, the CCQE cross section is well understood (this is the simple one?!)

do (yln—>l_p) _ -_-_- {A(QQ) T B(Q2)§_-u —+- C(QQ) (S—u)Q }

d(Q? QE vip—lTtn 8w E?2 -

Cabibbo angle

. } Weak Interaction: small cross section
Fermi constant

Nucleon mass

C.H. Llewellyn Smith, Phys. Rept. 3C, 261 (1972)

Neutrino
26 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions A& é Interaction W
School 2021 -



Charged-current quasi-elastic cross section

For free nucleons, the CCQE cross section is well understood (this is the simple one?!)

o vin—l" MQG% cos”® @ -
ddQ2 QE (sz::llﬂLg) — ST - {A(QQ).B(QZ)%_'_ C(QQ) M4 }

Mandelstam variables

Neutrino energy v and v cross sections different
(OV = 3 017)

C.H. Llewellyn Smith, Phys. Rept. 3C, 261 (1972)

Neutrino
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Charged-current quasi-elastic cross section

For free nucleons, the CCQE cross section is well understood (this is the simple one?!)

do (uln—>l_p) o MQGF cos® O¢ - s—u (S_u)Q
dQ? QE vip—ltn/ 8mE?2 o M2 M4
2 Free nucleon form factors (functions of Q?)

2

Vector form factors

2 2
MPYYE 1ol 4;242)(517 )" + WRe(Fi“éF)— < (1+ 4M2)(FA)2
2

41‘,;2 [lFl +EF|? + |Fa + 2Fp|* — 4(1 A 4M2)((FV)2 + FP)] }

Functions of electric & magnetic
form factors, describing charge and
current distributions in the nucleon

= 9 Re[Fi(F+€R) - 7L Re [(Fl—rng)Fé*—(FA 5 MZFP)FA)] At 92=0, these simplify to
the charge and magnetic
moment
1 2
C@) = {FA + Ff 4 7(EF)* + 2(F3)2} Measured using electron scattering

C.H. Llewellyn Smith, Phys. Rept. 3C, 261 (1972)

Neutrino
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Charged-current quasi-elastic cross section

For free nucleons, the CCQE cross section is well understood (this is the simple one?!)
(s—u)"
JWE.

do (l/ln—>l_p) o MQG% cos® O¢c __
dQ? QE vip—lTtn/ 8mE?2 T

Free nucleon form factors (functions of Q2)

S—U |
M2

Q2
4M? )F12
2 2

* 2 F3 form factors: thankfully, negligible
a2 REWFTER) = 55 (1 + ) (Fa)

Q2

)(EF2)* +

4M?

2
|F1+€F|” + |Fa + 2Fp[" — 41+ 5 (F))? + Fz%)] } Fp (pseudoscalar form factor): related to other
factors

2 2 2
BQ") = 4 Re [F3(Fu+6F2)] ~ s Re | (B~ € R R — (Fi ~ 3o FR) )|

0@ = {Fa+ B +(em? + 07

C.H. Llewellyn Smith, Phys. Rept. 3C, 261 (1972)

Neutrino
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Charged-current quasi-elastic cross section

For free nucleons, the CCQE cross section is well understood (this is the simple one?!)
(s—u)"
JWE.

do (yln—)l_p)  M?*G3% cos® ¢ _
dQ? QE vip—ltn/) 8mE?2 o

Free nucleon form factors (functions of Q2)
Axial form factor

S—U |
M2

2

SRe(FLER) — 2 1+ 2 )(F)?

* o 4M2)(€F 2)” + M2 Only accessible through weak processes (V-A
2

X | . .
ur [I Frert+ R 257 - a1 - Q 2 (F Fp)]} current) i.e. processes with neutrinos

QZ m2 Qz
B(Q") = 47 Re P (Fs +€F2))— T5 e | (F~r€ Py —(Fi 3o Fe) )|

Fa(0?) is still being studied, and is not
fully understood for heavy nuclel

|

0@ =} {Fi+ F2 4 riemy + 2 (57

C.H. Llewellyn Smith, Phys. Rept. 3C, 261 (1972)

Neutrino
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RESOnant plOn prOdUCthn A resonances (mass 1232 MeV)

are excited-state baryons (spin 3/2)

V(P ) p (p) ; i i i

@ (Heawer resonances also exist)

mn,p n,p
Exercise 5

Pions are mesons (spin 0)

write the equations for all v and v “

possibilities I e I

Neutrino
éé Interaction (\
School 2021
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As easy as t ?

Vi

Q H

n

Neutrino
Interaction (\ |
School 2021
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As easy as t ?

Vi

O H

vpt+n—pu + AT 5> puT +n+7wt

n
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As easy as t ?

-n — U

31

-n — U

7 June 2021

V’u

+ AT > +n+at
LAY S 4 p

n

Cheryl Patrick | Introduction to Neutrino Interactions




Lots of options...

Neutrino mode

Antineutrino mode

vp+n—pum +AT > uT +n+ ot
vpt+n—pum + AT > uT +p+al
Vy+p—>u” +ATT 5T +p+at

Neutrino
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Lots of options...

vpt+n—pu + AT > uT Fn4at
vo+n—pu +AT > pum +p+ad
v+ p—=pT AT s uT +paT

In liquid argon, charged

pions resemble muons
Other detector
components help
distinguish

Run 3471 Event 54287, October 21", 2015
30 cm

32 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions

0 decays to two
All pions can be photons
detected, but
finding the direction
IS harder for s*

Neutrino
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More recipes for T Non-resonant pion production

Various other
processes can produce

Coherent pion production final-state pions.

A

————
Phys. Rev. D 97, 013002 (2018) ) N N/

For very low four-momentum transfer ¢, a neutrino

can scatter from the nucleus, leaving it in its | _ ,
ground state Predicted pion counts / energies vary

Vs Uy significantly between current models

Charged-current

scattering makes a 7+ The neutral-current problem

nucleus

Vi, Uy, Vi, Uy, v (invisible) +
can look like p*

Neutral-current

scattering makes a ¥ v+ (YY)

can look like e+
nucleus

Neutrino
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Deep Inelastic Scattering (DIS)

Q * Neutrinos with high enough energy can scatter
from an individual quark (valence or sea)

Which quarks / antiquarks do neutrinos and
antineutrinos interact with?

u,d,d, d, s, s, cC

&)

Neutrino
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Deep Inelastic Scattering (DIS) B

Q * Neutrinos with high enough energy can scatter
from an individual quark (valence or sea)

Which quarks / antiquarks do neutrinos and
antineutrinos interact with?

u,d,d, d, s, s, cC

&)

Neutrino mode Antineutrino mode

Neutrino
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Deep Inelastic Scattering (DIS)

w * Neutrinos with high enough energy can scatter
from an individual quark (valence or sea)

* The knocked-out quark can’t exist alone
* It hadronizes to produce a hadron shower

&)

OOQ
-

\

Neutrino
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Studying DIS interactions

Rather than trying to resolve individual particles,
sum the energy of the hadron system

7, -
7y, 7

X

b, = FE, + Ehad

X
n,p = X

120+

110+

100 -

D0 ~

80~

70~

60~

50

40~

30+

Hadron
energy.

20

10+

T T T T 0

T T T 1 1 T 1 T

1 |
10 15 20 256 3 35 4 45 S0 55 60 65 70 7S 80 B85 9 9 100 105 110 115

Neutrino
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Studying DIS interactions

Rather than trying to resolve individual particles, Other useful variables

sum the energy of the hadron system . . .
. 9y + y Invariant mass W of final-state hadronic system
It

W= (C]+Z?N)2
q2 + p?\; + 2q9.pN

my — Q% + 2my Fhaq

For DIS, W is typically > 2GeV

energy. Ena

L N R ~—€T-Tr-r-—-d—rTreer'1TT"T"r
10 15 20 25 30 3% 4 45 S0 55 60 65 70 5 80 B85 90 95 100 105 110 115

Neutrino
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Studying DIS interactions

Rather than trying to resolve individual particles, Other useful variables

sum the energy C

vy, Proton parton distribution
function (PDF)

|

Invariant mass W of final-state hadronic system

Ll e I I
NNPDF3.0 (NNLO)
xf(x,u2=10 GeV?)

| Bjorken scaling variable x is the fraction of
' da
g/10

momentum carried by the struck quark
2
n,p

120+

110+

100+

For DIS, 0 <x <1

 Valence quarks have bigger x than sea quarks

-What are W and x for a CCQE interaction
(whole nucleon knocked out)?

80~ -t

70

e
:

40~ -

30+

20+

10~ - Particle data group

T T
00 105 110 115

-

Neutrino
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Studying DIS interactions

Rather than trying to resolve individual particles,
sum the energy of the hadron system

7, -
o 7

X

b, = FE, + Ehad

X
n,p = X

1204 ‘
MINERVA event display from J Mousseau
110+ - ~

100+
90

80~

Muon energy £,

10+

energy. Ena

L T 1 T T 1 T T | T ! | 1 T 1
10 15 20 25 30 3% 4 45 S0 55 60 65 70 5 80 B85 90 95 100 105 110 115

Other useful variables

Invariant mass W of final-state hadronic system

Bjorken scaling variable x is the fraction of

momentum carried by the struck quark
2

*For DIS, 0 <x <l
* Valence quarks have bigger x than sea quarks

For CCQE: x =1, . This can be a
good way of identifying a CCQE interaction!

35 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions
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Studying DIS interactions

Rather than trying to resolve individual particles,

sum the energy of the hadron system
+

Other useful variables

Invariant mass W of final-state hadronic system

Vy
)
‘ W distribution from an electron-scattering experiment + 2mN Lhad
'S 1 " . PROTON riedman and Kenda
% r (al | f&-_ £ E *10.029 ir;ni-zg;v;f@ 3dcf-” IS the fraction of
// : . !* 'hf"j. ’ﬁﬁ" 6« 5°988 972.22:203-254.
_ ////_.. 5 ol A -:»u\;;,;ﬁ,! s e struck quark
n,p = 3 | : e A , 2
1:2: MINERVA event display from J Moussea g C51- " : ﬁ” E had
1004 g8 I _ » Transition... Inelastic region
- 0 05 ra T B T 36T 38 0

80~

W in GeV

igger x than sea quarks

B
60~

50—

o ' A
———

. . . This can be a

|

had

9

SNz N
ISP S S e s s s e e e good way of identifying a CCQE interaction!

0117 LU
5 0 § 10 15 20 25 30 35 40 45 SO 55 60 65 70 75 80 B85 90 95 100 105 110 115

Neutrino — 1A Y=
Interaction W‘m(\ .
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Studying DIS interactions

Rather than trying to resolve individual particles, Other useful variables

sum the energy of the hadron system . . .
. 9y + y Invariant mass W of final-state hadronic system
It

X
E, = E, + Ehag Bjorken scaling variable x is the fraction of

X momentum carried by the struck quark
n.p = X 2

120+ -
MINERVA event display from J Mousseau

110+

100 -

90 -

| Inelasticity y is the fraction of neutrino energy
| F transferred to the hadronic system

80~

Muon energy E

60~

S50~

_ Ehad
Y= g,

40 =

30 =

20+

10+

energy. Ena

| . =TT Trrer--e-r---Tr——reer—er—r—r
10 15 20 25 30 35 40 45 S50 55 60 65 70 5 80 B85 90 95 100 105 110 115

Neutrino R
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DIS cross sections ;i cependen Only accessible

through neutrino
Po(vh) G2

A/-\A scattering

p— 2 pvh 1 . vh 1 - g vh ]
dy = oo | EMNE )+ (1 - ) E ) + (1 - D)o B ()

DIS cross sections depend on our new friends x (momentum fraction) and y (inelasticity)

Quasi-elastic scattering Deep inelastic scattering

Nucleon structure functions:
describe momentum
distribution of sea

and valence quarks

inside the nucleon

Nucleon form factors:
charge and current
distribution as seen from
outside

Neutrino scattering can help us understand structure functions - and they are affected by the nucleus

Neutrino
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Structure functions for heavy nuclei

0.001 0.01 .
2 3 4567 2 3 4567 2 3 4567
1.1 1.1
|0 Fsesannnnnnnnnnnnnnnnnndennnsfusid 3 WES . 1.0  Charged-lepton DIS from heavy nuclei (Ca,
= L& 3, 5 | Fe) vs deuterium (2H)
= & , W3 e x separates sea and valance quarks
- :
~0.9 409 ¢ Nucleus has complicated effects on both...
.
- o NMCCa/D
- o SLACE87Fe/D -
08 e = SLACEI39 Fe/D 108
a E665 Ca/D :
—— Parameterization ;
Error in parametenization |
0.7 | 0.7
2 3 4567 2 3 4567 2 3 4567
0.001 0.01 0.1 I

Prog. Part. Nucl. Phys. 68, 314 (2013) X J Mousseau, DOI 10.2172/1226352

Neutrino
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Nuclear effects - Relativistic Fermi Gas models

*Nucleons in a nucleus are not stationary: the nucleus affects them
* As fermions, they obey Fermi-Dirac statistics and Pauli exclusion
principle: no identical particles in the same quantum state

Binding
energy
Ep

Adapted from Carlos A. Bertulani, Nuclear physics in a nutshell,
Princeton University Press, 2007, p. 473

Neutrino
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Nuclear effects - Relativistic Fermi Gas models

*Nucleons in a nucleus are not stationary: the nucleus affects them
 As fermions, they obey Fermi-Dirac statistics and Pauli exclusion
principle: no identical particles in the same quantum state

Global Fermi Gas Model

* Treat target nucleon as an independent Binding

particle (impulse approximation) energy

e With a momentum between 0 and Er :
(argon: Er = 242 MeV (protons); 259 MeV (neutrons))

 Pauli blocking - momentum after
Interaction must be above Fermi momentum

R. Smith and E. Moniz, Nucl.Phys. B43, 605 (1972)

Adapted from Carlos A. Bertulani, Nuclear physics in a nutshell,
Princeton University Press, 2007, p. 473

Neutrino
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Nuclear effects - Relativistic Fermi Gas models

*Nucleons in a nucleus are not stationary: the nucleus affects them
 As fermions, they obey Fermi-Dirac statistics and Pauli exclusion
principle: no identical particles in the same quantum state

Global Fermi Gas Model
Treat target nucleon as an independent 300

particle (impulse approximation)
With a momentum between 0 and Er

Global FG == |
Local FG ===

250 f

200 ¢

(argon: Er = 242 MeV (protons); 259 MeV (neutrons))
Pauli blocking - momentum after

Interaction must be above Fermi momentum

R. Smith and E. Moniz, Nucl.Phys. B43, 605 (1972)

150

100 }

Fermi momentum [MeV/c]

S0

e Momentum distribution position-dependent R [ﬁi] !
e Used in current versions of DUNE’s
simulation (GENIE)

Tomasz Golan

Neutrino
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But the Fermi Gas model isn’t enough to describe data

__ x10% - MINERVA ® ¥ Tracker — CCQE
NE 16 MiniBooNE data
o 1 4 :_ 1 6 . data NuWro RFG MA=1‘35
~ "t GENIE RFG M.=0.99 ... NuWro RFG M =0.99 + TEM
o PPN A A
12 14 NuWro RFG M,=0.99 NuWro SF M,=0.99

10

-----------------------------------
------

1.2

- .-
-----
-
-‘
’ -
; -
"
-
-
-
O‘
*

RFG model
1 s

-
.....

Ratio to GENIE

-
- -
-
--
-
--

-

-
-

-

RFG model

0.8

1.5<E, <10 GeV

T T T T T 0.6 MINERVA datgea Normalized
06 08 1 12 14 1.6EOEATG (Gey) 107 e ;

L. Fields et al.(MINERVA Collaboration)
Phys. Rev. Lett. 111, 022501 (2013)

IIIIIIIIII‘I,‘

8
6
4
2
0
0.4

2
A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration) Q (Gev
Phys. Rev. D 81, 092005 QE

Quasi-elastic neutrino and antineutrino cross sections measured at two
experiments do not match the Fermi Gas model’s predictions:
what are we missing?

Neutrino
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Multinucleon effects

R. Subedi et al. Science, 320(5882):1476—1478, 2008

* RFG/LFG assume scattering from a single nucleon...

- ...but 20% of nucleons in nuclei form correlated pairs

» Scattering from a pair can knock out the partner (2p2h: two
particle, two hole)

- Energy reconstruction like the QE formula will be invalid

* Nuclear effects are complicated and not fully understood

-

2 particle

. . " What final states would you
Single nucleons expect to see for 2p2h

| CCQE scattering of v, and
.n-p .n-n Dp-p S

7,7

Neutrino
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Short-range correlations (SRC)

- Wave-functions overlap for a brief period

* Two nucleons with large, opposite momenta
* Individual momenta > Fermi momentum kr (x >1)
 Center-of-mass momentum of pair < kr

» Almost all high-momentum nucleons are in SRC pairs

Neutrino
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Short-range correlations (SRC)

41

7 June 2021

Cheryl Patrick | Introduction to Neutrino Interactions

» Wave-functions overlap for a brief period
» Two nucleons with large, opposite momenta

*Individual momenta > Fermi momentum kr (x >1)
 Center-of-mass momentum of pair < kr

» Almost all high-momentum nucleons are in SRC pairs
» Scattering signature is back-to-back protons

"Hammer event”

vy +n(+p) = 1~ + p(+p)

Run 3469 Event 28734, October 21", 2015

Neutrino
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Short-range correlations (SRC)

- Wave-functions overlap for a brief period

* Two nucleons with large, opposite momenta
* Individual momenta > Fermi momentum kr (x >1)
 Center-of-mass momentum of pair < kr

» Almost all high-momentum nucleons are in SRC pairs

» Scattering signature is back-to-back protons

*Being in an SRC pair also modifies the nucleon,
affecting the structure function (quark distribution)

Remember - the structure
functions affect deep
Inelastic scattering rates.
Could this explain the
EMC effect?

Neutrino
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M es O n -exc h a n g e c u r re n ts ( IVI E C) Adapted from Annals of Physics, 131(2):451 — 493, 1981

Another way of considering the binding
between a nucleon pair is exchange of virtual

mesons (pions are the lightest, so have the
longest range)

W

W
You can model this with N N> N N>
Feynman diagrams (useful pjon-in-flight Contact/seagull
for calculating cross section
kinematic distributions...) p T
It’s too complicated to solve
analytically!
Models include IFIC/Valencia W N; N> N>
(Nieves), Lyon (Marteau/Martini), and Intermediate nucleon A-MEC
GiBUU.

Phys.Rev.C 83 (2011) 045501

Different experiments use different models; none fully matches data yet

Neutrino
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Studying nuclear effects with neutrino data

Simulated neutrino-carbon cross section without
multi-nucleon effects

—
N

do/dq dq, (107 cm?%GeV?)

3 GeV neutrino + carbon
GENIE 2.8.4 with reduced &t
lines W =938, 1232, 1535 MeV

40
35
30
25
20
15
10
5]

—
o

o
[2))

true energy transfer (GeV)
= (=
I o)

o
N

080 0.2 0.4 0.6 0.8 1.0 12 0
true three momentum transfer (GeV)
Choose variables that separate How would nuclear
Nucl.Instrum.Meth.A614 (2010) 87-104 P. Rodrigues, Fermilab wine and cheese 11 Dec 2015
Neutrino . L
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Studying nuclear effects with neutrino data

Simulated neutrino-carbon cross section without

multi-nucleon effects

—
N

do/dq dq, (107 cm?%GeV?)

3 GeV neutrino + carbon
GENIE 2.8.4 with reduced &t
lines W =938, 1232, 1535 MeV

40
35
30
25
20
15
10
5]

0

—
o

O
[2))

true energy transfer (GeV)
(= (=
I o)

O
N

86 02 04 06 08 1.0 1.2
true three momentum transfer (GeV)

Choose variables that separate
out interaction types

Nucl.Instrum.Meth.A614 (2010) 87-104 P. Rodrigues, Fermilab wine and cheese 11 Dec 2015

43 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions

How would nuclear
—> cffects change this? EE—

Add Valencia/Nieves multi-nucleon model

—
N

ratio modified model to default GENIE ) 1.6
3 GeV neutrino + carbon
lines W =938, 1232, 1535 MeV
lines Q%= 0.2 to 1.0 GeV?

2p2h
enhancement

—
o

true energy transfer (GeV)
o o
o) o

o
'S

O
N

086 02 .04 06 08 1.0 1.2
true three momentum transfer (GeV)

(screening
due to W polarization)

Phys. Rev. D 89, 073015 (2014)
Phys. Rev. D 88, 113007 (2013)

arXiv:1601.02038 [hep-ph]
Phys. Rev. C 70, 055503 (2004)
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Compare the simulation to MINERVA data
‘ Data

0.00 < Reco. qs/GeV < 0.20 0.20 < Reco. q3/GeV < 0.30 0.30 < Reco. q3/GeV < 0.40
1.07 minerva ' i
i ¢+ Data : : :
o 333107 po! MC: mmmmmm Simulation inc. 2p2h
% —— Total+syst. error
— QE
O 0.5] — Delta e — ' '
= oo 2p2h contribution
L j. . ,— Other .
-
d>J 0.0 0.40 < Reco. qs/GeV < 0.50 0.50 < Reco. q3/GeV < 0.60 0.60 < Reco. q3/GeV < 0.80
w 1.0 | | Each plot is a “slice” through
‘© the 2-d distribution
—
0.5 i %, .

080 02 04 00 02 0400 02 04
Reconstructed available energy (GeV)

(Corresponds to go)

Neutrino | |
Interaction J (\ ,
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Compare the simulation to MINERVA data

N
-

0.0

10° Events / GeV?

o
o

0.8

=
o

1.0}

0.00 < Reco. qs/GeV < 0.20

" MINERVA
3.33x10 pot

L N

0.40 < Reco. qs/GeV < 0.50

.0 0.2 0.4 0.0

0.20 < Reco. q3/GeV < 0.30 0.30 < Reco. q3/GeV < 0.40

¢ Data
MC:

—— Total+syst. error
— QE
—— Delta e
—— 2p2h Be

. — Other -

0.50 < Reco. q3/GeV < 0.60 0.60 < Reco. q3/GeV < 0.80

0.2 0.4 0.0 0.2 0.4

Reconstructed available energy (GeV)
(Corresponds to go)
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‘ Data

mmmmmm Simulation inc. 2p2h

= 2020 contribution

Including RPA and 2p2h effects
improves agreement with MINERVA’s
data, but it’'s not enough
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80|
60|
40|
20}

80}

0.

Compare the simulation to MINERVA data

x10°

0

44

0.00 < g, /GeV <020 |

== == Nomnal Total
== == Nominal QE
== == Nomnal Deita
« =« Nomnal 2pZh
— Best fit Total
— Best it QE

— Best fit Delta
— Best fit 2p2h
¢ MINERVA LE data

040 <q,/GeV <030 |

-~

0.1 02 03

0.20 < q)/GoV <0.30

R

e
0.50 < q,/GeV < 0.60

After scaling

M

0.30 < g,/GeV < 0.40

T

04 00 010203 040001020304

Reconstructed available energy (GeV)

7 June 2021

(Corresponds to go)
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Including RPA and 2p2h effects
improves agreement with MINERVA’s
data, but it's not enough

- Scale 2p2h contribution by a 2d

Gaussian in go-g3 plane and find best
fit

- Good fit to the data - but why?

Neutrino
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Exercise 6

Match the interaction to the final state

w-and 1 proton
v, quasi-elastic scattering
u-and 2 protons

v, quasi-elastic scattering

w-and hadron shower

v, 2p2h from an n-p pair
u+ and 1 neutron

v, 2p2h from an n-n pair
u-, 1 proton, 1 79
v, 2p2h from a p-p pair
ut, 1 proton, 1 &
v, resonant scattering

u-, 1 proton, 1 s+

v, resonant scattering

u, 1 neutron, 1 proton
v, DIS

ut, 1 neutron, 1 proton

Neutrino
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Exercise 6

Match the interaction to the final state

v, quasi-elastic scattering /
u-and 2 protons
v, quasi-elastic scattering

w-and hadron shower

u+ and 1 neutron Uy +p—pt+n
u-, 1 proton, 1 79
ut, 1 proton, 1 &

u-, 1 proton, 1 s+

v, 2p2h from an n-p pair

v, 2p2h from an n-n pair

v, 2p2h from a p-p pair

v, resonant scattering

v, resonant scattering

u, 1 neutron, 1 proton

v, DIS

ut, 1 neutron, 1 proton

Neutrino
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Match the interaction to the final state

u-and 2 protons v, +n(+p) = p= + p(+p)
v, quasi-elastic scattering
w-and hadron shower
v, 2p2h from an n-p pair N
ﬂ* and 1 neutron Vy +Dp— U" +n

v, 2p2h from an n-n pair
u-, 1 proton, 1 79

v, 2p2h from a p-p pair
ut, 1 proton, 1 &
v, resonant scattering

v, resonant scattering muon charge?
u-, 1 neutron, 1 proton N

ut, 1 neutron, 1 proton

v, quasi-elastic scatterlng

Neutrino
Interaction
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Match the interaction to the final state

v, quasi-elastic scattering

v, quasi-elastic scattering

What if you can’t tell muon or
pion charge?

v, 2p2h from an n-p pair

vo+n—pum + AT > pum +p+a?

U
v, 2p2h from a p-p pair
v, resonant scattering

v, resonant scattering

v, 2p2h from an n-n pair

Neutrino
Interaction
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Match the interaction to the final state
,u' and 2 protons Uy —|—n(—|—p) — U _|_p(_|_p)

v, quasi-elastic scattering

v, 2p2h from an n-p pair

w-and hadron shower

u+ and 1 neutron Uy +p—pt+n

v, 2p2h from an n-n pair

v, 2p2h from a p-p pair
u+, 1 proton, 1 7 Vp+p—pt+ A 5 ut+p+ao
v, resonant scattering

u-, 1 neutron, 1 proton

v, resonant scattering

ut, 1 neutron, 1 proton

Neutrino
Interaction
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How it all goes wrong: final-state interactions

Hadrons (nucleons, pions...) from
neutrino interactions can re-interact with
other nucleons as they exit the nucleus

Neutrino
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How it all goes wrong: final-state interactions

Elastic scattering

Hadrons (nucleons, pions...) from
neutrino interactions can re-interact with

other nucleons as they exit the nucleus
_

Directiolffénergy changes,
nucleon knock-out

Neutrino
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How it all goes wrong: final-state interactions

Elastic scattering Charge exchange

Hadrons (nucleons, pions...) from
neutrino interactions can re-interact with
other nucleons as they exit the nucleus + Q
B _
Directiolffénergy changes, neutron «— proton
nucleon knock-out T+« 0 7"

/\./

Neutrino
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How it all goes wrong: final-state interactions

Elastic scattering Charge exchange

-

Hadrons (nucleons, pions...) from
neutrino interactions can re-interact with
other nucleons as they exit the nucleus

Directionf’€nergy changes,
nucleon knock-out

neutron «— proton
Tt 70— -

Pion production/
absorption

a+ [ 70/ - created / absorbed

Neutrino
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How it all goes wrong: final-state interactions

Elastic scattering Charge exchange

Hadrons (nucleons, pions...) from

neutrino interactions can re-interact with
other nucleons as they exit the nucleus

Directionf’€nergy changes, neutron «— proton
nucleon knock-out T+ «— g0« -

Pion production/ Nuclear de-excitation
absorption
o,

Photons produced as struck

Neutrino
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FSI makes one interaction mode fake another

Quasi-elastic scattering

47 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions £



FSI makes one interaction mode fake another

Quasi-elastic scattering plus Pion production FSI

vy +n—pu" +p 4w

47 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions £



FSI makes one interaction mode fake another

Quasi-elastic scattering plus Pion production FSI fakes Resonant pion production

Q L@
® &

vot+n—pu +AT > puT +p+ad

vy +n—pu" +p 4w

Neutrino
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Match interaction to final state - extreme mode!

Exercise 7 No FSI

u- + proton

v, quasi-elastic scattering Elastic scattering

Muon (charge unknown) + 1 proton

u + 2 protons
u- + proton + photons

v, quasi-elastic scattering

Charge exchange

v, resonant scattering

Pion production
v, resonant scattering

Pion absorption

v, MEC

Nuclear de-excitation

Neutrino
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Match interaction to final state - extreme mode!
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Match interaction to final state - extreme mode!

Neutrino
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Match interaction to final state - extreme mode!

v, resonant scattering Pion absorption

Neutrino
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Match interaction to final state - extreme mode!

Muon (charge unknown) + 1 proton
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Match interaction to final state - extreme mode!

v, quasi-elastic scattering No FSI Muon (charge unknown) + 1 proton
v, resonant scattering Pion absorption

Neutrino
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Match interaction to final state - extreme mode!

v, quasi-elastic scattering No FSI

Muon (charge unknown) + 1 proton

v, resonant scattering Pion absorption

v, resonant scattering Pion absorption

If we don’t know the muon charge,
antineutrino scattering starts to fake
Charge exchange neutrino scattering

v, quasi-elastic scattering

Neutrino
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Match interaction to final state - extreme mode!

u + 2 protons
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Match interaction to final state - extreme mode!
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Match interaction to final state - extreme mode!

v, quasi-elastic scattering Additional low-energy nucleons can
be knocked out

Neutrino
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Match interaction to final state - extreme mode!

v, MEC

No FSI

v, quasi-elastic scattering Elastic scattering

v, resonant scattering

Pion absorption

u + 2 protons

Additional low-energy nucleons can
be knocked out

Pion absorption frequently knocks
out additional nucleons

51

7 June 2021
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Match interaction to final state - extreme mode!

Neutrino
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Match interaction to final state - extreme mode!

v, quasi-elastic scattering Pion production Charge exchange One interaction can involve more

than one FSI. This is increasingly
likely for heavier nuclei.

Neutrino
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Match interaction to final state - extreme mode!

u- + proton + photons
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Match interaction to final state - extreme mode!

v, resonant scattering Pion absorption Nuclear de-excitation u + proton + photons
v, quasi-elastic scattering Elastic scattering Nuclear de-excitation

De-excitation happens after other
FSI, producing additional gammas.

Neutrino
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Match interaction to final state - extreme mode!

v, quasi-elastic scattering Elastic scattering Nuclear de-excitation De-excntatlo.n happ_e_ns after other
FSI, producing additional gammas.
v, resonant scattering No FSI A nY decays to two photons, so this could be

the decay of A+ —=p0—p yy

Neutrino

53 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions Interaction m
School 2021 o



Summary - consequences of FSI

 FSI| “fakers” make it hard to identify a sample of events
corresponding to a single interaction mode (exclusive sample).
» This is particularly hard if your detector gives limited information

(no muon/pion charges, poor low-energy detection etc)

No FSi

st absorption

" TANKR 22 201 K
&/ -~ &'_' ’ FAA N e

st absorption

Charge ex.

Neutrino
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Summary - consequences of FSI

MINERVA’'s CCQE-like selection
. . . x10°
- FSI1 “fakers” make it hard to identify a sample of events 0.12[ mrnErva Preliminary | —— DATA
corresponding to a single interaction mode (exclusive sample). - Data POT: 3.34E | QE-Like 8& QE
- This is particularly hard if your detector gives limited information 0.1 TS a% e
P y y 9 . QE-Like && DIS
(no muon/pion charges, poor low-energy detection etc)

1 QE-Like && 2p2h
*When we compare data with models, it’s hard to identify the | Not QE-Like
effect of a single model (e.g. QE model) on the total spectrum 4,

Data POT: 3.34E+20
MC POT: 3.34E+20

Signal: QE
events

Non-CCQE + FSI gives
4— QE-like signature

0.0

0.0

rBackground misidentified
due to detector limitations

0.0

Neutrino
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 FSI “fakers” make it hard to identify a sample of events
corresponding to a single interaction mode (exclusive sample).

» This is particularly hard if your detector gives limited information
(no muon/pion charges, poor low-energy detection etc)

- When we compare data with models, it’s hard to identify the
effect of a single model (e.g. QE model) on the total spectrum

» Using the model for the wrong interaction mode will yield a

wrong neutrino energy

Event count

Summary - consequences of FSI

1600

1400

1200

1000

800

600

400

200

True electron energy

-
1=
T

Quasi-elaslically reconstructed energy Ir e- '"C scaltering al 2.261GeV

L Plot by N. Gadhia

. - QE

— R ES

__ -~ MEC

N - DIS
;L_ai‘z-——‘—/;

B [ A [ S N TN TN T N N MO N A O |
0 0.5 1 1.5 3 35 4

0

Energy /GeV

Mono-energetic electron scattering
simulation

Energy reconstructed with the
quasi-elastic formula for QE,

54
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Summary - consequences of FSI

 FSI “fakers” make it hard to identify a sample of events
corresponding to a single interaction mode (exclusive sample).

» This is particularly hard if your detector gives limited information
(no muon/pion charges, poor low-energy detection etc)

- When we compare data with models, it’s hard to identify the
effect of a single model (e.g. QE model) on the total spectrum

» Using the model for the wrong interaction mode will yield a
wrong neutrino energy
Some FSI can knock out extra nucleons, alter interaction

Kinematics etc.
* We have some tricks to try and separate out these nuclear

effects...

Neutrino
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A trick for studying nuclear effects: transverse kinematics

Quasi-elastic v, scattering
from a stationary neutron

Phys.Rev. C94 (2016) no.1, 015503

Neutrino
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A trick for studying nuclear effects: transverse kinematics

All the Iinitial momentum comes
from the neutrino

Pv
—

Neutrino, muon and

Quasi-elastic v, scattering proton in the same plane;
from a stationary neutron pusin 6, =p,sin 6,

Phys.Rev. C94 (2016) no.1, 015503

Neutrino
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A trick for studying nuclear effects: transverse kinematics

Project into a plane
transverse to the beam;
prw & prp)equal & opposite

All the Iinitial momentum comes
from the neutrino

Pv .
L priw=pusin 0

Neutrino, muon and

Quasi-elastic v, scattering proton in the same plane;

from a stationary neutron pusin 0, =p,sin 0, P1(p)= Pp Sin 0,

Phys.Rev. C94 (2016) no.1, 015503

Neutrino
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A trick for studying nuclear effects: transverse kinematics

Project into a plane
transverse to the beam;
prw & prp)equal & opposite

All the Iinitial momentum comes
from the neutrino

Pv .
ﬁ llllllll‘[ﬁllllllllll pT(,u)=p/431n9u

Neutrino, muon and

Quasi-elastic v, scattering proton in the same plane;
from a stationary neutron pusin 6, =p,sin 6,

What if that doesn’t happen?

PT(p)= Pp Sin 0,

Phys.Rev. C94 (2016) no.1, 015503

Neutrino
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A trick for studying nuclear effects: transverse kinematics

Project into a plane
transverse to the beam;
prw & prp)equal & opposite

All the Iinitial momentum comes
from the neutrino

Pv
— %

Neutrino, muon and
proton in the same plane;
pusin 0, =p,sin 0,

P1(w=pusin 0y

Quasi-elastic v, scattering

from a stationary neutron .
y PT(p)= Pp Sin Hp

Any net
momentum In
the transverse
plane must
come from the
Initial neutron

—

With nuclear S0

effects, all this
changes...

P1(n) = P1(1) + P1(p)

Phys.Rev. C94 (2016) no.1, 015503

Neutrino
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A trick for studying nuclear effects: transverse kinematics

Project into a plane
transverse to the beam;
prw & prp)equal & opposite

All the Iinitial momentum comes
from the neutrino

Pv .
ﬁ lllllll pT(//t)=p//£ S1I 9//{

Neutrino, muon and
proton in the same plane;
pusin 0, =p,sin 0,

Quasi-elastic v, scattering
from a stationary neutron

PT(p)= Pp Sin 0,

Studying
variables like
these can help us
untangle the
many factors
affecting neutrino
Interactions

Phys.Rev. C94 (2016) no.1, 015503

If the proton moves out of
the v-u plane, it must be
due to FSI

P1p)

Any net
momentum In
the transverse
plane must
come from the
Initial neutron

—

With nuclear S0

effects, all this
changes...

P1(n) = P1(1) + P1(p)

Neutrino
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A little help from our friends - electrons!

Neutrino scattering Electron scattering o o-

Vi H

What’s the same?
What’s different?

.
.
- \\"—
AN\
-
€ i
= .
<
<

CEBAF Large Acceptance Spectrometer

ED )

nxini

MAINZER MIKROTRON

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

Neutrino
56 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions A& é ISnteraction W
chool 2021 -



A little help from our friends - electrons!

Neutrino scattering Electron scattering e

# Small cross section Large cross section
Broad-band beams Mono-energetic beams y
W Vector+axial interaction  Veclor interaction only
The same nuclear physics
p Py p

Neutrino
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A little help from our friends - electrons! s

Neutrino scattering Electron scattering o o-

v ]
: # Small cross section Large cross section
Broad-band beams Mono-energetic beams y
W Vector+axial interaction  Veclor interaction only
- » The same nuclear physics D p

Vector part of models
tested for

CLAS detector in

JLab electron

beam Neutrino-interaction
simulation modified
for electrons

|y
DEEP UNDERGROUND
NEUTRINO EXPERIMENT

. (the axial part’s for us
UNI.\;ERSAL NEUTRINO GENERATOR {o test.. )

& GLOBAL FIT

DR(VE

Neutrino
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Green’s Function Monte Carlo

—o— World data
—— Saclay data

. . | l- 3 T Y Y 13

wE N GFMC O,

: \
| \ —— GFMC O, .
ol A \ ——— PWIA
\
;‘ P - \

3 T _\
- X3

» Ab initio methods like spectral functions and
Green’s function Monte Carlo accurately model
simple, symmetric nuclel in certain regimes

- Computational complexity limits them for _
. . S PRL 117, 082501 (2016)
heavier nuclei R

S

Plots from A Ankowski

N "o w w
S [P o w

[~
u S
—1

gistribution [L/MeV)

—
=
T

mementum distnbubion [1/Mev3)

0 O
0 10 50 100 150 200

ramoval energy (MaV) momeantum (MeV)

Spectral functions (removal energy and
momentum) for nucleons 40Ar

Neutrino
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Modeling nuclel

* Ab initio methods like spectral functions and

Green’s function Monte Carlo accurately model Number of nucleons (atomic mass A)
simple, symmetric nuclei in certain regimes

A ,
- Computational complexity limits them for
heavier nuclel 108 10AT

Neutron-proton ratio (isobars)

* Nuclear effects depend on many factors; it’s
hard to generalize models or measurements
from one nucleus to another

Shapes, binding energies etc are
consequences of a complex shell structure

Neutrino
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Universality and scaling

The idea:

e find some universal property or function that is the same
for many nuclel

* Make predictions for nuclei that haven’t yet been studied

Neutrino
58 7 June 2021 Cheryl Patrick | Introduction to Neutrino Interactions é g‘tﬁra?tion ME
chool 2021



Universality and scaling

The idea:
e find some universal property or function that is the same

for many nuclel
* Make predictions for nuclei that haven’t yet been studied

DIS structure functions
show universal x-
dependence if scaled by
the number of

correlated pairs

INn the nucleus

Median norm. uncertainty

| | |

0.2 0.4 0.6 0.8 Xg

(Each colour represents a
\ different element/isotope)
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Universality and scaling

The idea:
e find some universal property or function that is the same

for many nuclel
* Make predictions for nuclei that haven’t yet been studied

DIS structure functions
show universal x-
dependence if scaled by
the number of

correlated pairs

INn the nucleus

Median norm. uncertainty

| | |

0.2 0.4 0.6 0.8 Xg

(Each colour represents a
\ different element/isotope)

Super-scaling models seek a variable

Y(q,w) such that

® Cross section per nucleon is a
function only of

e _..and is universal for all nuclel

—
S Longitudinal response: -
084 =66 unaffected by 2p2h

These currently i
model electron =

scattering well In
some regimes...

..andlesswell s 7 U
in others oy

‘ ' ' -
%, , lransverse ré%sponse: ]

affected by 2p2h

Phys.Rev. C60 (1999) 065502 Y

Next step - test models with neutrino data!
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Neutrino interaction analysis with DUNE simulation

=
Y ¢
Tt
2
Learn more next week... ... and try for yourself in week 3!
IEUTRINO
W  2rr—————— .o~ DUNE (Argon) .0~ DUNE (Argon)
7 L gZ‘: -all BCE § 2 o ~al  JQE
L3 e SR IR P o s““ " BRes  BDIS 2 1 & BRES JDIS
3kt iﬁ*&?f’*f?:%i £, M2p2h S 2p2h
O'BI;}J‘ E "k 0.04 S 2
i3 LR R E u TP g ¢
.41 r = g 2
0.2f b =2 ~>2n E < § 90 60 %) 120 160 180 G, 2.8 1 1.5 2
R T 5 — S da, (degrees) p,, (GeVic)
Q* (Gev?
Images and plots on this slide from arXiv:2103.13910 [physics.ins-det]
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At the beginning | promised you'd Iearn...

Why neutrino interactions are important What we know about interactions

What we still need to understand better How we're trying to understand them

Neutrino
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At the beginning | promised you'd Iearn...

Why neutrino interactions are important What we know about interactions

* Neutrinos are only detected when interacting

 Understanding interactions helps us
reconstruct energy...

e ... and identify modes that “fake” other
interaction types

What we still need to understand better How we're trying to understand them

Neutrino
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At the beginning | promised you'd Iearn...

Why neutrino interactions are important What we know about interactions

* Neutrinos are only detected when interacting * v-electron scattering: well understood
 Understanding interactions helps us e v-nucleon - basic processes understood
reconstruct energy... (QE, resonant, DIS...)

e ... and identify modes that “fake” other * nuclear models are best for small nuclel
interaction types

What we still need to understand better How we're trying to understand them
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At the beginning | promised you'd Iearn...

Why neutrino interactions are important What we know about interactions

* Neutrinos are only detected when interacting * v-electron scattering: well understood
 Understanding interactions helps us e v-nucleon - basic processes understood

reconstruct energy... (QE, resonant, DIS...)

e ... and identify modes that “fake” other * nuclear models are best for small nuclel
interaction types

v-nucleon - still uncertainties in inelastic
models, form factors, structure functions
Models of multi-nucleon effects are
improving all the time

What we still need to understand better How we're trying to understand them
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At the beginning | promised you'd Iearn...

Why neutrino interactions are important What we know about interactions

* Neutrinos are only detected when interacting * v-electron scattering: well understood
 Understanding interactions helps us e v-nucleon - basic processes understood

reconstruct energy... (QE, resonant, DIS...)

e ... and identify modes that “fake” other * nuclear models are best for small nuclel
interaction types

v-nucleon - still uncertainties in inelastic * Implement models in neutrino-scattering
models, form factors, structure functions simulation programs like GENIE

Models of multi-nucleon effects are  Understand our sensitivity to models
improving all the time * Test against data

What we still need to understand better How we're trying to understand them
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At the beginning | promised you'd Iearn...

Why neutrino interactions are important What we know about interactions

* Neutrinos are only detected when interacting * v-electron scattering: well understood

 Understanding interactions helps us e v-nucleon - basic processes understood

reconstruct energy... (QE, resonant, DIS...)
e ... and identify modes that “fake” other * nuclear models are best for small nuclel

interaction types

v-nucleon - still uncertainties in inelastic
models, form factors, structure functions
e Models of multi-nucleon effects are

improving all the time

* Implement models in neutrino-scattering
simulation programs like GENIE

 Understand our sensitivity to models

e Jest against data

What we still need to understand better How we're trying to understand them

YOU CAN HELP!
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Backup slides




Neutrino-electron elastic scattering

Inelasticity

Vi Vi
Z do(ve™ — ve ) 7 G%s \
dy - W/[CLL + Cir(1 —9)?]
e e 15 - sin? Ow sin?2 Ow
Ve
do(ve™ s ve”) G%s 5 o
= C C7p(l —
Z dy W/[LL + Cir(1 —y)°
/ 15 + sin2 Ow sin?2 Ow
- Interference due to charged-current diagram
Neutrino
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v. - electron scattering

All lepton interactions
have the same strengths
in the weak interaction
(lepton universality)

do(ve” —ve”) Gps

CiL + Cir(1—y)?]

DY

Interference due to charged-current diagram == 1% + sinZ Oy

Neutrino
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SRC pairs in neutron-rich nuclel

This pie chart is for 12C, which has 6 protons and 6 neutrons

Lead-208 has

82 protons
and
126 neutrons

. Single nucleons
Are protons or neutrons more
. n-p - Nn-n l:l P-p likely to be in correlated pairs, or
IS the probability the same?

Neutrino
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SRC pairs in neutron-rich nuclel

This pie chart is for 12C, which has 6 protons and 6 neutrons

Lead-208 has In neutron-rich nuclei:

* Protons are more likely than
neutrons to be in n-p pairs

* n-n pairs are more likely than

p-p pairs

82 protons
and
126 neutrons

. Single nucleons
Are protons or neutrons more
. n-p . Nn-n D P-p likely to be in correlated pairs, or
IS the probability the same?

DUNE’s detectors are made of
40
18 AT Why might we need to be

careful of SRC when comparing
scattering with v, and v,?

Neutrino
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0.001 0.01 .
2 3 4567 2 3 4567 2 3 4567
1.1 1.1
I,O IlllllllllllllIIIIIIIAIIII "'-. | i : 1,0
A 4 .,.".
z 7! :
~0.9 5 0.9
P | < |
- o NMCCa/D
- e SLAC ER7 Fe/D |}
08 A m SLACEI39 Fe/D < (0.8
a E665 Ca/D :
—— Parameterization :
Error in parametenization |
0.7 | 0.7
2 3 4567 2 3 4567 2 3 4567
0.001 0.01 0.1 I

Prog. Part. Nucl. Phys. 68, 314 (2013) X J Mousseau, DOI 10.2172/1226352

Structure functions for heavy nuclei

e Charged-lepton DIS from heavy nuclei
(4050Ca and 56x5F¢€)

e Ratio to scattering from deuterium (21H)

* x separates sea and valance quarks
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Structure functions for heavy nuclei

0.01 e Charged-lepton DIS from heavy nuclei
2 3 4567 2 3 4567 2 3 4567 (4059Ca and 56o6Fe)

e Ratio to scattering from deuterium (21H)
* x separates sea and valance quarks

0.001
.1 E

10 Shadowing: x=<0.1 : the interacting ¥ (or
A Z) Is shielded by other nucleons in the
::'09 nucleus, reducing the cross section
X : Shadowing is different for

- e SLAC E87 Fe/D -
neutrinos vs electrons, sea vs
0.8 m SLACEI39Fe/D 0. .
L e » E665 CaD | valence quarks, and is
— Parameterization | important at low (2
Error in parametenzation
0.7
2 3 4567 2 3 4567 2 3 4567
0.001 0.01 0.1 I
Prog. Part. Nucl. Phys. 68, 314 (2013) X J Mousseau, DOI 10.2172/1226352
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Structure functions for heavy nuclei

0.01 e Charged-lepton DIS from heavy nuclei

aae 2 3 4567 2 3 4567 2 3 4567 (4020Ca and %66Fe)

- | -t e Ratio to scattering from deuterium (21H)
* x separates sea and valance quarks
1.0 "" 7 W ¢ 1.0 Shadowing: x<0.1 : the interacting W (or
A { K Q,..---" ) I | Z) is shielded by other nucleons in the
;_:.09 - nucleus, reducing the cross section
Zz | Fermi motion: xz0.7 : nucleons in nuclel
% O NMCCaD i are moving, so can boost a quark's
= o SLACES87Fe/D B J .
0.8 e = SLACE139 Fe/D Jog Mmomentum
a E665 Ca/D :
— Parameterization :
Error in parametenzation |
0.7 | 0.7
2 3 4567 2 3 4567 2 3 4567
0.001 0.01 0.1 I

Prog. Part. Nucl. Phys. 68, 314 (2013) X J Mousseau, DOI 10.2172/1226352
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0.001
.1 E

0.01

2 3 4567 1 3 4567

1.0
-
Ty
~ 0.9
~
;& O
. e SLAC ER7 Fe/D
08 m SLACEI39 Fe/D
a E665 Ca/D
— Parameterization
Error in parametenzation
0.7
2 3 4567 2 3 4567 2 3 4567
0.001 0.01 0.1

Prog. Part. Nucl. Phys. 68, 314 (2013)

J Mousseau, DOI 10.2172/1226352

Structure functions for heavy nuclei

e Charged-lepton DIS from heavy nuclei
(4050Ca and 56x5F¢€)

e Ratio to scattering from deuterium (21H)

* x separates sea and valance quarks

Shadowing: x=<0.1 : the interacting W (or

Z) is shielded by other nucleons in the
nucleus, reducing the cross section

Fermi motion: x=0.7 : nucleons in nuclei

are moving, so can boost a quark's
momentum

The EMC effect and anti-shadowing
enhancement are poorly understood but
may be due to nucleon-nucleon pairs -
more on this soon!
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Short-range correlations and the EMC effect

1.2 . , . v 208
a) :
| 197
11 A -
— f 3 56
N B
T A A _
B o NI . - A
< o9} e 18
iy . ' :
081 o SLAC i
= JLab Hall C ] 4
-= [ his work |
0.7 | 1 | 10,
0.2 0.4 0.6 Nagr;,'§66, as54(2019) XB

The EMC effect for different nuclei
(structure function ratio to deuterium)
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[F3'/Al/[FS /2]

Short-range correlations and the EMC effect

1.2 . , . v 208
a) ¢ Divide the structure function ¥5' into:
. | d 197
| | / A proton part £2 times the
g ¢ >0 number of protons
1 ERIRER ...ttt B S —
e =¥ By i ; 27
0ol i 1M, A A neutron part £'2" times the
' number of neutrons
0.8 ’
O o SLAC N
= JLab Hall C . An SRC part AF% + AF times
0 =1 his work the number of SRC pairs
- | 1 | L 3
0.2 0.4 0.6 Nagr;,'§66, as54(2019) XB

The EMC effect for different nuclei
(structure function ratio to deuterium)

Neutrino
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1.2

Short-range correlations and the EMC effect

b)

I

|

Median norm. uncertainty

l

--------------------------

| I I .
d a
) 0.05+
1.1+ —
c
Q] / <
T [ = N , — ~ sa |
— o/ g S
— SISCy =
§ 0.9} g ,T ,, - < .
~ ¥
G g
08} . <l AC - 0.05}
= JLab Hall C
-= [ his work
0.7 | 1 | =
0.2 0.4 0.6 Nat9ré§66, as54(2019) XB 0.2

The EMC effect for different nuclei
(structure function ratio to deuterium)

0.4

!
0.6

|
0.8

XB

208

197

56

27

12

The SRC part, if scaled by the number of n-p pairs,
IS the same for all nuclei! This universality
suggests SRC pairs are key to the EMC effect

66
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Empirical models and scaling techniques

This EMC plot showed a universal property - the

same for many nuclei S . . - 208
0.05 | f o
197
-
LLN | 56
<]
Q‘i' 27
LLC\I
<] 12
)
<03
5 9
Median norm. uncertainty 4
| | | 3

0.2 0.4 0.6 0.8 X
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Empirical models and scaling techniques

This EMC plot showed a universal property - the
same for many nuclei

Can we find a super-scaling model? That means

J(Qaw)nucleus
U(Q7w>nucleon

* |s a function of a single variable (some
complicated function of g, W...)
* has the same form for all nuclel

Neutrino
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Empirical models and scaling techniques

1.0 1 1 I ]

This EMC plot showed a universal property - the _

same for many nuclei

~ X q=300
. 0 q=380

0.6—0 q=570

— ’ d
. . Z | o4 i“.%ﬁ (gﬁ &
Can we find a super-scaling model? That means - o« i&#‘* P
oo $ gm '
J(va)nucleus 3 | | e
U(Q7w>nucleon ” ) " |
o7 s l
* |s a function of a single variable (some Ny ,
] ) 0.8~—A=:)6 Ql 4
complicated function of g, W...) < q-s00 % Wﬂj ot
* has the same form for all nuclei _ oo amem oty
% | %f- - H% b "
Some super-scaling variables work well for “h s, ” h [1o¢°
electron scattering in some regimes... can these oz~ g5 ey
models be extended? R 1 |
Phys. Rev. C, 71:015501, Jan 2005. — h 12

This scaling function
agrees well for different
nuclei (colors) and
momentum transfers
(shapes), if the
exchanged photon is
longitudinally
polarized...

| ...but poorly if it is

| transversely polarized,
| due to multi-nucleon

| effects

Phys.Rev. C60 (1999) 065502
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